Abstract Oxidative stress can be a significant cause of cell death and apoptosis.
Introduction
Oxidative stress constitutes a major threat to organisms living in an aerobic environment, and in humans, it is believed to play a causative role in many disease states, as well as in the aging process. Exposure of cells to various stresses (e.g., oxidative stresses, hypoxia, exposure to amino acid analogs, and heavy metal derivatives) induces cell death. An initial, non-lethal stress provides a temporary protection against subsequent lethal stress, known as preconditioning. Oxidative preconditioning can protect against apoptosis after oxidative stress (Hong et al. 2001 ).
Heat shock responses are remarkably well conserved throughout evolution. Heat shock responses include a transient blockage of protein synthesis, overexpression of Hsps, and induction of thermotolerance. Hsp90 is the most abundant soluble cytosolic protein (∼1% of total protein, 10-150 μM) even before heat shock (Lai et al. 1984; Nollen and Morimoto 2002) , and it is poorly induced. Hsp90 is a dimer and binds to several cellular proteins including steroid receptors and protein kinases (Jakob and Buchner 1994; Kimmins and MacRae 2000; Soti et al. 1998 ). Hsp90 promotes folding of proteins (without adenosine triphosphate (ATP); Shaknovich et al. 1992; Wiech et al. 1992) and prevents protein unfolding and aggregation (Miyata and Yahara 1992; Jakob et al. 1995a, b) by binding early unfolding intermediates (Jakob et al. 1995a ) and preventing their aggregation. Hsp90 also plays a very important role in quality control: it is required for degradation of certain misfolded substrates (McClellan et al. 2005) .
Hsp90 interacts with and regulates the conformation and the activity of a large variety of cell signaling molecules, transcription factors, and the cytoskeleton. Intermediate filaments (IFs) are key components of the cytoskeleton and help cells tolerate different forms of stresses from mechanical stress to exposure to heat, viruses, toxins, apoptosis inducing ligands, and other extrinsic cellular stresses (Pekny and Lane 2007; Diana et al. 2005; Coulombe and Wong 2004) . IF mutations cause or predispose to more than 30 human diseases, including skin diseases, muscular dystrophies, premature aging, amyotrophic lateral sclerosis, and end-stage liver disease (Omary et al. 2004) . IF inclusions are characteristically seen in association with several liver, neuronal, or muscle disorders (Kurt et al. 2004; Goldfarb et al. 2004; Cairns et al. 2004) . Among the large protein family of IFs, vimentin is one of the most familiar members, as it is the major IF protein in mesenchymal cells. Vimentin filaments could work as a binding platform for signaling determinants, acting in the same regulatory pathway, and hence modifying the transduction of a signal. It shows dynamically altered expression patterns during different developmental stages and high sequence homology throughout all vertebrates, suggesting that the protein is physiologically important (Diana et al. 2005) . Under stress condition, there have been several reports describing vimentin cleavage by caspases during apoptosis (Belichenko et al. 2001; Byun et al. 2001; Jiro et al. 2003; Muller et al. 2001; Prasad et al. 1998) . Furthermore, vimentin has been shown to associate physically with Hsp90, and Hsp90 may play a pivotal role in maintaining vimentin intermediate filament structure and in the formation of the cellular network due to protection of soluble vimentin subunits (Zhang et al. 2006) .
Geldanamycin (GA) is a naturally occurring anti-tumor drug that has been shown to be active in tumor cell lines as well as in mouse models (Supko et al. 1995) . Biochemical and structural studies have demonstrated that GA binds specifically to the heat shock protein Hsp90, thereby inhibiting its chaperone function (Whitesell et al. 1994; Prodromou et al. 1997; Stebbins et al. 1997) . Inhibition of Hsp90 function by GA causes degradation of the substrate proteins (Smith et al. 1995; Schneider et al. 1996) . Geldanamycin also activates a heat shock response in mammalian cells by binding to Hsp90 (Sittler et al. 2001) . However, whether GA treatment might act as preconditioning protection, which leads to stress tolerance, has not been reported.
The present study was therefore designed to determine whether GA treatment can simulate oxidative preconditioning and protect against cell injury in a human HepG2 cell model and, if so, to instigate whether Hsp90 and vimentin are involved in the cytoprotective pathways.
Materials and methods

Cell cultures
Human hepatoma carcinoma cells (HepG2) were maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 IU of penicillin, and 100 U of streptomycin at 37°C in a humidified chamber supplemented with 5% CO 2 . Cells were passaged regularly and subcultured to ∼90% confluence before experimental procedures.
Transfection of siRNA and plasmid pSilencer 2.0-U6 siRNA Expression Vectors (Ambion Inc. USA; Brummelkamp et al. 2002) , which provide high levels of constitutive expression across a variety of cell types, were used to generate small interference RNA (siRNA) sequences targeting Hsp90. The 21-nt siRNA sequences targeting Hsp90 corresponded to coding regions 5′-AAUCCGGUAUGAAAGCUUGAC-3′, as instructed by the manufacturer. All constructs were verified by sequencing.
The HepG2 cell line was stably transfected either with a vector-induced small interference RNA of human Hsp90α or with the corresponding control vector (neo). DNA (8 μg) was electroporated (975 μF, 0.21 kV, 20 ms) into 5×10 6 cells by a Gene Pulser II Electroporation (Bio-Rad) and cells were selected in G418 (0.5 mg/ml, Calbiochem, San Diego, CA, USA) containing medium. The levels of Hsp90 were analyzed by immunofluorescence and Western blotting. Individual subclones stably expressing low levels of human Hsp90 (HSP90 siRNA) were isolated and cultured, as described above.
Antibodies
The following antibodies were used for western blot (WB), coimmunoprecipitation (co-IP), and/or immunofluorescence analysis (IF): rabbit monoclonal Ab anti-HSP90 (SPA-840, StressGen, goat polyclonal antibody anti-Hsp90 (sc-1055, Santa Cruz, CA, USA), mouse monoclonal Ab anti-vimentin (MS-129-PO, NeoMarkers), HRP-bovine-anti-rabbit-IgG (sc-2371, Santa Cruz), HRP-bovine-anti-mouse-IgG (sc-2370, Santa Cruz), rhodamine-bovine-anti-goat-IgG (sc-2349, Santa Cruz), and FITC-bovine-anti-mouse-IgG (sc-2366, Santa Cruz).
GA treatment
GA was purchased from Sigma-Aldrich Company (G 3381) in the form of a lyophilized powder. It was stored in dark, airtight containers at 4°C and reconstituted in DMSO (10 nM) immediately before use. Cells were grown with 10 nM geldanamycin for 24 h before oxidative treatment.
Oxidative preconditioning and oxidative stress treatments Preconditioning (P) was achieved by 2 h exposures to H 2 O 2 (50 μM) separated by a 10-h recovery period in normal culture medium. Oxidative stress (S) was induced by exposure to 500 μM H 2 O 2 for 24 h. Measurements were obtained in cells at time points immediately after the final preconditioning or after 24 h exposure to H 2 O 2 .
Cell viability and apoptosis assay
The cell viability was measured using the 3[4,5-dimethylthiazole-2-yl]2,5-diphenyltetrazolium bromide assay. Cells (1×10 5 cells) were plated and counted at the indicated time using a hemocytometer. For the MTT assay, 3,000 cells/200 μl were seeded in 96-well plates, cultured for 48 h, and then incubated with MTT (50 μg/200 μl) for 4 h at 37°C. After adding 100 μl of 0.04 N HCl in isopropanol and mixing thoroughly to dissolve the dark blue crystal, the MTT reduction was measured with a microplate reader (Bio-Rad; wavelength of 570 nm). The data were presented as percent post-treatment recovery (percent live cells) where the absorbance from the control, non-treated cells was defined as 100% live cells.
For detection of apoptotic cells, apoptotic nuclear morphology was observed by staining with Hoechst 33342. Cells were seeded onto sterile glass coverslips placed in 24-well plates at 5×10 4 cells per well and managed as described above. After treatment, the medium was removed and the cells were washed with phosphatebuffered saline (PBS) three times and stained with Hoechst 33342 solution (final concentration 0.002% (Sigma) in HBSS for 30 min). Following two washes with PBS, the coverslips were mounted onto slides using anti-fade mounting medium (Beyotime). Morphologic changes in the apoptotic nuclei were observed under a fluorescence microscope (Olympus IX50).
Preparation of protein extracts
Cell lysis and preparation of the soluble and insoluble protein fractions were performed as described by Sittler et al. (1998) . For preparation of whole cell extracts, cell lysis was performed on ice for 30 min in buffer containing protease inhibitors, and nucleic acids were digested with 125 U/ml Benzonase (Merck). Protein concentration was determined by the Bio-Rad assay.
Immunoprecipitations
Cell monolayers were washed twice with PBS and lysed with lysis buffer A [50 mM Na 2 HPO 4 , 1 mM sodium pyrophosphate, 20 mM NaF, 2 mM EDTA, 2 mM EGTA, 1 % T r i t o n -X -1 0 0 , 1 m M D T T , 2 0 μ M benzamindine,40 μM leupeptin, 300 μM PMSF] (Gao and Newton 2002) at 4°C for 30 min. Cells were scraped into 1.5-ml microcentrifuge tubes and incubated at 4°C with rotation for 30 min, and then centrifuged at 15,000×g at 4°C for 30 min. The protein concentration of the supernatants was determined using the Bio-Rad protein assay kit. Immunoprecipitations were performed using 1 mg of protein from total cell lysates as starting material. Reaction volumes were equalized using buffer A. For Hsp90 precipitation, 4 mg of anti-Hsp90 goat polyclonal antibody (sc-1055, Santa Cruz Biotechnology) was added to each sample. Immunoprecipitation of samples with preimmune sera was used as a control. After 1-4 h of rotating incubation at 4°C, 80 ml of Protein G-Agarose (sc-2002, Santa Cruz) was added. Tubes were incubated overnight at 4°C with rotation. At the end of the incubation, samples were centrifuged at 1,500×g at 4°C for 2 min, and the supernatant was discarded. Beads were washed three times with buffer A and three times with buffer B (buffer A + 300 mM NaCl). After the final wash, 30 ml of Laemmli buffer was added, and the samples were boiled for 5 min. After a 3-min spin at 1,000×g, supernatants were loaded onto a 12% SDS-PAGE gel.
Polyacrylamide gel electrophoresis and Western blot analysis
For Western blot analysis of total protein, lysis buffer [10 mM Tris, pH 8.0, 150 mM NaCl, 0.1% SDS, 1 mM EDTA, 1% NP-40, and complete protease inhibitor cocktail (Roche, Mannheim, Germany)] was used. The protein concentration was quantified using a protein assay kit (Bio-Rad) according to the manufacturer's instructions. Equal amounts of protein extracts (20 μg) were fractionated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) using 12% polyacrylamide gel. After electrophoresis, the proteins were transferred onto PVDF (Bio-Rad) and blocked with 2% bovine serum albumin (BSA) in Tris-buffered saline Tween-20 (TBST; 20 mM Tris/HCl, pH 7.5, 137 mM NaCl, 0.1% Tween 20) for 1 h at room temperature. The membranes were incubated with primary antibody HSP90 (SPA-840, StressGen rabbit monoclonal Ab, 1:1,000, diluted in TBST with 1% BSA), or with primary antibody vimentin (MS-129-PO, NeoMarkers, rabbit monoclonal Ab, 1:1,000). After washing with TBST, the membranes were incubated with the appropriate secondary antibody (1:10,000) for 1 h at room temperature and visualized using an ECL kit (Amersham) according to the manufacturer's instructions. Filters were washed three times in wash solution and the protein bands were detected using enhanced chemiluminescence (ECL, Amersham or Supersignal, Pierce) in conjunction with Fuji RX film. Blots were scanned by UMAX Magic Scan 4.3 program, and the intensity of protein bands was quantified by Molecular Analyst software.
Immunofluorescence studies of colocalization of Hsp90 and vimentin HepG2 cell were fixed and permeabilized with methanol for 5 min at −20°C (Dou et al. 2001) . After fixation, cells were blocked with 10% BSA for 1 h at 37°C. Samples were incubated with goat anti-Hsp90 polyclonal Ab (sc-1055, Santa Cruz, 1:1,000), mouse anti-vimentin monoclonal Ab (MS-129-PO, NeoMarkers, 1:1,000), at 4°C overnight. The secondary Abs, rhodamine-conjugated (red) anti-goat Ab, and FITC-conjugated (green) anti-rabbit Ab, were used at a 1:100 dilution and incubated at room temperature for 1 h. Cells were observed on an Olympus IX50 microscope. On average, 15 to 20 fields (five to 20 cells each) were evaluated on each coverslip and three to four fields were photographed with a digital camera at the same exposure time to generate the raw data. Experiments were repeated at least twice.
Statistical analysis
The data are presented as the mean ± SD, with n representing the number of independent samples. The mean values among groups were compared by one-way ANOVA and χ 2 test. All statistical tests were operated with the program SPSS and p<0.05 was considered statistically significant.
Results
Low concentrations of GA activates a protective response in HepG2 cells during oxidative stress similar to oxidative preconditioning Oxidative stress can cause significant cell death and apoptosis. We performed studies in HepG2 cells to explore whether prior exposure to oxidative stress ("oxidative preconditioning") and GA treatment can protect against the damage caused by subsequent oxidative insults (Fig. 1) . The cells were treated with 10 nM GA for 24 h. The concentration of 10 nM was chosen for these experiments because it caused a significant reduction of cell viability. Changes of cell viability indicated that GA also triggered a preconditioning response, similar to oxidative preconditioning (Fig. 1a) .
Using phase-contrast microscopy, oxidative stressed cells exhibited apparent swelling (Fig. 1b) . As to the Hoechst 33342 staining, the nuclei of control cells without H 2 O 2 for 24 h had a homogeneous pattern of staining. After 24 h of oxidative stress, most of the cells were observed to have brightly stained condensed nuclei. Treatment with oxidative stress or GA reduced these changes in apoptotic morphology. In contrast, an Hsp90 siRNA cell line which expressed low levels of Hsp90 presented an increasing number of apoptotic cells (Fig. 1b) .
GA caused significant induction and degradation of Hsp90
We observed significant induction of Hsp90 in GAtreated cells similar to oxidative preconditioning (Fig. 2) . GA (without H 2 O 2 treatment) induced increasing levels of intact Hsp90 accompanied by increasing degradation of Hsp90 (Fig. 2) . However, the degradation of Hsp90 was obvious immediately after 24 h of oxidative stress (Fig. 2) . Oxidative preconditioning and GA treatment reduced the degradation of Hsp90 induced by stress. The degradation of Hsp90 might relate to Hsp90 level as the Hsp90 siRNA cell line showed to decrease the portion of degraded Hsp90.
Change of Hsp90 induced by GA related to cell viability and apoptosis GA-treated cells similar to oxidative preconditioning expressed high levels of Hsp90 and showed higher cell viability after 24 h H 2 O 2 treatment (Fig. 1a) . In contrast, the Hsp90 siRNA cell line with low Hsp90 levels presented low cell viability and apparent apoptotic morphology (Fig. 1 ). All the above showed that the level of Hsp90 paralleled cell viability in HepG2 cells after oxidative stress.
GA treatment induced an increased level of vimentin and reduced vimentin cleavage in oxidative stress
Like preconditioning, GA treatment increased the level of both soluble and insoluble vimentin. However, the change caused by GA is more apparent than H 2 O 2 preconditioning. Insoluble vimentin increased dramatically in all groups after oxidative stress, whereas it was slightly increased in GA and H 2 O 2 treatment without the following stress (Fig. 3b) .
Oxidative stress induced the apparent cleavage of vimentin, which is indicated by low molecular bands stained by Ab anti-vimentin (MS-129-PO, NeoMarkers, immunologically recognized both intact and degraded vimentin). Although GA and H 2 O 2 treatment without oxidative stress caused a slightly cleavage of vimentin, these treatments obviously reduced vimentin cleavage after oxidative stress (Fig. 3b) .
GA treatment reduced the combination of Hsp90 and cleavaged vimentin
To investigate the possibility of a relationship between HSP90 and vimentin cleavage, we applied immunofluorescence and coimmunoprecipitation to confirm the combination of Hsp90 and vimentin. Immunofluorescence results showed a similar distribution of Hsp90 and vimentin in HepG2 cells (Fig. 3a) .
In control cells, Hsp90 exhibited normal arrangement with vimentin which was seen to traverse intricately throughout the cell. In contrast, oxidative stress caused a relocation of Hsp90 and vimentin with only a slightly increased stain throughout the cytoplasm and around the periphery of the nucleus. On the other hand, GA treatment, as in oxidative preconditioning, significantly increased the intensity of Hsp90 and vimentin in the cytoplasm and lessened the loss of Hsp90 and vimentin after oxidative stress (Fig. 3a) .
Coimmunoprecipitation bands indicated that Hsp90 only bind to cleavage fragments of vimentin, not the intact vimentin (Fig. 3c) . HepG2 cells without GA or siRNA of Hsp90 interference treatment showed similar Hsp90 binding bands of vimentin fragments, after slight stress (preconditioning 50 μM H 2 O 2 ) or serious stress (500 μM H 2 O 2 ). Interestingly, although GA-treated cells showed increasing levels of Hsp90, the vimentin fragments that bound to Hsp90 decreased dramatically, which indicated that the binding function of Hsp90 in the GA-treated cells might be inhibited. On the other hand, Hsp90 siRNA cell lines which were stably transfected with Hsp90 interference plasmid even showed an increased binding of high molecular fragments of Cell survival of HepG2 cells untreated (C) or treated with oxidative preconditioning (P: preconditioned with 2 h exposure to 50 μM H 2 O 2 , followed by 10 h recovery), geldanamycin (GA, 10 nM, 24 h), or small interference RNA of Hsp90 (siRNA) after oxidative stress (S: exposure to 500 μM H 2 O 2 for 24 h), presented by MTT assay as percent of cell survival, where 100% survival is that of HepG2 cells that did not undergo oxidative stress (control). Results are from eight independent experiments (mean ± SE; *, #p<0.05; asterisk each group vs control; number sign with oxidative stress vs without oxidative stress). b Effects of oxidative preconditioning and GA treatment on apoptotic morphology. Phase-contrast images (left and fluorescent images (right) were taken. The nuclear morphological changes were observed by Hoechst 33342 staining. In the control group, the nuclei of most HepG2 cells (>90%) were round and homogeneously stained. Cells treated with GA (10 nM) and oxidative preconditioning showed slightly increased cell numbers of typical morphologic features of apoptosis, such as chromatin condensation and fragmented fluorescent nuclei, which did not increased significantly compared to the directly oxidative stressed cells vimentin after stress, which might be related to the increased levels of degraded vimentin of Hsp90 cells.
Discussion
Geldanamycin, a benzoquinone ansamycin antibiotic and natural product of Streptomyces geldanus, possesses antitumor activity and specifically binds with high affinity to ATP-binding sites of Hsp90 (Lewis et al. 2000; Katschinski et al. 2002; Nomura et al. 2004) . Previous studies have established that Hsp90 inhibitors are particularly toxic to tumor cells because of a presumed increased binding affinity for these drugs and an enhanced Hsp90 reliance of genetically unstable tumor cells. But Hsp90 inhibitors such as geldanamycin and the ansamycin derivative 17-AAG have been reported to show other effects than tumor inhibition (Schumacher et al. 2007) . Several data demonstrated that GA pretreatment could induce cell protection (Price et al. 2005; Gotz et al. 2006) . These results raise concerns about treating certain kinds of cancers with Hsp90 inhibitors and suggest that it will be important to understand the tissue-specific effects of Hsp90 inhibition. New Hsp90 drugs that are being developed as cancer therapeutic might also be useful for the treatment of other unrelated diseases (Richter et al. 2007) . Zou et al. (1998) have shown that GA also disrupts a complex consisting of Hsp90 and the heat shock transcription factor HSF1 and triggers the activation of a heat shock response in mammalian cells. Low GA treatment might therefore have a binary function, one to elevate the level of Hsp90 similar to preconditioning by the heat shock response mentioned above, and the other to block the binding of substrates with the association of Hsp90 which may result in reducing the degradation of stress-induced misfolded proteins (Salim and Eikenburg 2007; Young et al. 2004) .
Our results also suggested that the level of Hsp90 is related to stress protection (Richter et al. 2007 ) demonstrated by treatment of oxidative preconditioning, GA and Hsp90 siRNA. Meanwhile, the level of Hsp90 is also related to Hsp90 degradation. Low concentrations of GA induced Hsp90 upregulation and maybe accompanied by partial inhibition of molecular chaperone function of Hsp90, which is different from oxidative preconditioning. The Hsp90 cell line, which expressed low levels of Hsp90, is different from oxidative preconditioned or GA-treated HepG2 cells that presented decreased portion of degraded Hsp90, which may elucidate a low level of Hsp90 companied with a decreased combining ability of Hsp90 with misfolded proteins (Young et al. 2004) .
Compared to directly stressed cells, GA treatment and oxidative preconditioning reduced the obvious degradation of Hsp90 immediately after 24 h of oxidative stress, which suggested that GA treatment and oxidative preconditioning might keep the stability of Hsp90 and therefore maintain the protective function.
Vimentin filaments could work as a binding platform for signaling determinants, acting in the same regulatory pathway, and hence, modifying the transduction of a signal (Pekny and Lane 2007; Ivaska et al. 2007) . In this study, low concentrations of GA treatment were similar to oxidative preconditioning, induced increasing levels of vimentin, and reduced vimentin cleavage in oxidative stress, which suggested an important role for vimentin in stress protection.
Hsp90 may play a pivotal role in maintaining vimentin intermediate filament structure and in the formation of its cellular network due to the protection of soluble vimentin subunits (Zhang et al. 2006 ). Vimentin, a major component of intermediate filaments, is degraded in response to apoptotic inducers (van Engeland et al. 1997; Prasad et al. 1998) . The cleavage of vimentin by caspases (Byun et al. 2001) probably results in disruption of its filamentous structure, which may facilitate nuclear condensation and (Byun et al. 2001) .
In this study, we have examined the effect of GA and oxidative preconditioning on the formation of Hsp90, vimentin, insoluble vimentin aggregates, and cleavage of vimentin in a cell culture model of oxidative stress. We found that treatment of cells with GA leads to an enhanced expression of Hsp90 and vimentin and inhibition of vimentin protein aggregation. Similar results were obtained by oxidative preconditioning. We confirmed that low concentrations of GA protected HepG2 cells from subsequent oxidative stress by increasing levels of Hsp90 and alleviating the extent of cell apoptosis, which are similar to oxidative preconditioning. However, in contrast to preconditioning, GA treatment obviously changed the binding activity of Hsp90 to vimentin cleavages. Low concentrations of GA treatment triggered cell protection from oxidative stress, which is similar to preconditioning, but not in the same way. All the above suggested that not only the level of Hsp90 but also the binding ability of Hsp90 to specific client proteins may contribute to oxidative stress protection. 
